I. Introduction
Geomorphic depressions or basins generated by vertical faulting (relative subsidence) are classically termed grabens if bounded by normal faults (Illies, +31.) or ramp valleys if bounded by reverse faults (Willis, +3, 2) . Generally speaking, a graben is a tectonic depression that con-sists of a narrow block that has dropped down between two normal faults ; however, grabenlike depressions can also result from di#ere-ntial erosion. Such depressions are usually described as lowlands bounded by fault-line scarps. This kind of structural control on geomorphology is commonly observed along fault lines. It is commonly di$cult to determine whether a depression is tectonic or structural in origin, as it is rare that topographic lineaments are clearly recorded along both margins of a depression, and geologic outcrops are generally sparsely distributed. In such cases, where an interpretation of the origin of a graben is hampered by a lack of surface geologic information, an alternative technique is required.
The Boso Peninsula, central Japan, consists of fore-arc basin deposits, and has been an accretionary complex since the Miocene. The southern peninsula consists of hills and lowlands that are characterized by eastowest geologic structures deformed by faults and folds. One of the lowland areas is termed the Kamo- Mitsunashi and Suda (+32*) and Nakajima et al. (+32+) in the southern Boso Peninsula To : Toyohide F., Ha : Hatake F., Kg : Kagamiura F., An : Anno F., Ck : Chikura F., Ky : Kiyosumi F., In : Inagosawa F., Am : Amatsu F., Is : Ishido F., Kn : Kinone F.
gawa Graben, which is considered to be a tectonic depression produced by Quaternary active faults (Murai and Kaneko, +31/) . Otuka (+3. 3) considered that the southern margin of the graben was not tectonic in origin, but instead was similar to obsequent fault-line scarps that originate from di#erential erosion, as shown by Cotton (+3., ) . Subsequent studies have interpreted the Kamogawa Graben as either a tectonic graben or an erosional lowland, leading to a long period of controversy concerning the origin of the Kamogawa Graben.
Since the +33*s, seismic reflection profiling studies have been successfully used in Japan to obtain geologic images that aid our understanding of sedimentary structures and fault structures (e.g. Ito et al., +330 ; Sato and Hirata, +332 ; Ishiyama et al., ,**. ; Sato et al., ,**/). This technique is useful for imaging hidden subsurface geologic structures that control geomorphology. In the current paper, we use seismic reflection profiling and geomorphologic and geologic data to advance the interpretation that landforms of the southern Boso Peninsula are structurally controlled.
II. Geomorphic and geologic setting
The Boso Peninsula extends into the Pacific Ocean from Honshu Island, central Japan, at a surface altitude of about -** m. The undulating surface of the peninsula consists of a series of hills and lowlands that trend eastowest. The middle part of the peninsula is characterized by a rectangular depression set between two eastowest topographic lineaments (Fig. +, upper  figure) . The northern lineament can be traced from Hota to north of Kamogawa, while the southern lineament extends from Iwai to south of Kamogawa. Three Holocene lowlands are recognized within the depression, located near Kamogawa on the east coast of the peninsula, and near Hota and Iwai on the west coast. The depression is bound to the north by the Kazusa Hills and to the south by the Awa Hills. Surprisingly, the Mineoka Mountains exist within the depression itself, and contain Mt. Atago (.*2 m), the highest peak on the peninsula.
The Kazusa Hills, at ,** m elevation, are composed of a -5*** m sequence of fore-arc basin sediments of alternating sandstone, mudstone, and conglomerate that were deposited within the basin from +/ Ma to . Ma. These northdipping rocks comprise the Miura Group, and have been raised above sea level via deformation by faults and folds (Fig. +, lower figure ; Nakajima et al., +32+ ; Kotake, +322). The geomorphology of the Kazusa Hills is characterized by a series of cuesta : alternating sandstone ridges and mudstone valleys. Nakagawa (+30+) termed such a rock-controlled feature a cadena, which results from di#erences in the permeability of sandstone and mudstone. Suzuki et al. (+32/) proposed that this kind of hilly relief is controlled by a combination of rock strength and permeability, irrespective of rock type.
Within the depression and the Awa Hills, the sediments that were accreted from the south since +0 Ma are deformed by eastowest trending thrust faults and folds (Figs. + and ,) . The lower part of the accretionary complex is the Hota Group (+0 Ma to +* Ma), which is exposed and severely fractured within and around the depression. The Hota Group is underlain by sedimentary rocks of the Paleogene Mineoka Group, which was intruded by ultramafic rocks (serpentine) and basalt during the Early Miocene (Arai et al., . Such intrusions of ultramafic rocks possibly occurred along the transform boundary between the Philippine Sea Plate (PHS) and the Eurasian Plate (EUR), while the subsequent subduction of the PHS beneath the EUR generated the accretionary complex currently exposed on the peninsula (Arai, +33+) .
The Mineoka Mountains largely coincide with the distribution of the Mineoka Group. The southern geomorphic lineament of the depression is marked by the Sorogawa Fault, which extends from Iwai to Kamogawa within the Hota Group. The northern topographic lineament corresponds to the boundary between the Miura and Hota Groups.
III. Seismic lines and data acquisition
We set the main seismic reflection line, KAMO-GAWA ,***, across the southern margin of the depression (Fig. ,) , with a second line, NAKA-NE ,***, set across the northern margin of the depression by Chiba Prefecture (,**+, Fig. /) . Basic data acquisition for each experiment is described in Table + , while data processing common to both experiments is shown in Fig. - . Our procedure for data processing from vertical seismic profiling follows the general treatment described by Ikawa (+33.).
The seismic line KAMOGAWA ,*** is .4, km long and oriented normal to the general easto west strike of geologic structure in the study area. The line extends through the Mineoka and Hota Groups and the main thrust (Sorogawa Fault), and is therefore the most suitable orientation for geophysical interpretations of subsurface structure. NAKANE ,*** is *43 km long and is also oriented normal to the main geologic structure of the Miura and Hota Groups.
This line was selected to reexamine the occurrence of morphotectonic deformation of Holocene fluvial terraces of the Machizaki River across the estimated fault trace along the northern lineament.
IV. Geologic interpretation of seismic data
Time-migrated sections on seismic images were converted to depth sections on the basis of velocity analysis from data processing, as shown in Fig. . figure) for NAKA-NE ,***. We describe the geologic interpretation along seismic lines below. KAMOGAWA ,*** Two distinct reflective events are recognized in Fig. . : a south-dipping event with parallel reflective layers below RP. +0*ῌ++/ to ,5*** m depth, and a north-dipping event with parallel reflective layers below RP. --ῌ+ to ,52** m depth. Both events face each other below RP. ++/ῌ--, forming a prism where reflective signal is scattering.
The upper part of the south-dipping layered event is concordant with the geologic boundary between the Mineoka Group and the Furubo Formation of the Hota Group. As the Mineoka Group is also south-dipping along the seismic line, the seismic event is possibly correlated with the Mineoka Group. Such an interpretation indicates that the southern margin of the Mineoka Group is not structurally vertical, but dips to the south.
The northern end of the north-dipping reflective event is considered to represent the Sorogawa Fault developed between the Furubo and Nabuto Formations of the Hota Group, as determined by extrapolation on the basis of the dip of the outcropping reverse fault around RP.
--. South of the Sorogawa Fault, outcrops of the Hota Group are complexly folded, but these folds do not a#ect the north-dipping event at depth. Three oblique structures are identified within the north-dipping event, which are reasonably recognized as faults F+, F,, and F-. Extrapolating these structures toward the surface on the basis of their observed dips, they correspond to reverse faults within the southern part of the Hota Group. These geologic structures produced asymmetrical south-verging anticlines above the reverse faults. Such an accumulation of similar sedimentary units is characteristic of accretionary complexes.
A further intensive reflective event is clearly identified at depths of +5***ῌ,5*** m beneath the northern end of the seismic line. The surface equivalent of this event is estimated to appear in the central part of the Mineoka Group, extrapolating the south-dipping in the event. Ultramafic intrusives and basalt are distributed east of the seismic line within the Mineoka Group (Fig. ,) . As a high contrast in impedance is expected between ultramafic rock and sedimentary rock of the Mineoka Group, the event possibly represents an ultramafic rock body concealed beneath the Mineoka Group. NAKANE ,*** A gently folded structural event is recog- ,**0 ῎ 2 ῍ Structurally controlled geomorphology on the southern Boso Peninsulanized at *ῌ,** m depth beneath RP. ,*ῌ+.* (Fig. /) . Discontinuities in the seismic image are not recognized beneath RP.+.* or the surrounding area where Murai and Kaneko (+31/) identified a fault line. The part shallower than * m is parallel to the surface, but is not a#ected by tectonic deformation. Interval velocity analysis indicates a marked di#erence in Povelocity between the upper layer (+5.**ῌ+50** m/s) and the lower layer (῍,5*** m/s). On the basis of stratigraphy and drill-core data (Chiba Prefecture, ,**+), the upper layer is correlated with Quaternary sediments, while the lower layer is correlated with the Hota Group (Kamikawa Formation). Sandstone and mudstone of the Amatsu Formation (Miura Group) crop out along the northern end of the seismic line from RP. +.*. The geologic relationship between the Amatsu and Kamikawa Formations is not clear from the seismic image.
V. Discussion
+. Is the Kamogawa Graben structure a tectonic graben? The eastowest trending depression between the Kazusa Hills and the Awa Hills is bounded by topographic lineaments (Fig. +) , and has been termed the Kamogawa Graben. Holocene coastal and fluvial lowlands are locally distributed only in coastal areas at Kamogawa, Hota, and Iwai. The Mineoka Mountains comprise Paleogene rocks and occupy a wide area of the depression. The southern lineament bounding the depression is indeed coincident with the surface trace of the Sorogawa Thrust Fault, although the sense of displacement across the fault is inconsistent with the recorded subsidence of the graben at the foot of the lineament (Fig. 0) . These observations suggest that the depression that is termed the Kamogawa Graben is not a tectonic graben.
Several studies have documented the o#set of fluvial terraces and alluvial fans across the Sorogawa Fault (Nakajima et al., +32+ ; Sangawa et al., +32, ; The Research Group of Active Faults of Japan, +33+ ; Shishikura et al., +333). In particular, vertical o#set of Holocene fluvial terraces along the Heguri River has been used as a basis for identifying fault activity. Chiba Prefecture (,**+) re-investigated the activity of the fault by trenching at Hegurishimo and geophysical investigations near Iwai, but in contrast to Sangawa et al. (+32, ) and Shishikura et al. (+333) , determined zero positive o#set of fluvial terraces. In addition, seismic reflection images of the northern part of the fault showed no traces of a graben structure. Along the Sorogawa Fault close to the KAMOGAWA ,*** line, positive and cumulative tectonic topography are not recognized in the sense that the southern part is upthrown. This argues against the existence of a graben developed within the geological succession, and indicates that the Sorogawa Fault has been inactive at least since the late Quaternary.
Along the Machizaki River, across the northern lineament, Holocene fluvial terraces occur at four levels (Fig. /, upper figure) . These terraces are not o#set along the line where the fault is expected to intersect with the surface, as evident from the flat profile of the highest Kamogawa I surface at ca. 1 ka (Fig. /, Seismic depth section and its geologic interpretation (bottom) of the NAKANE ,*** line by Chiba Prefecture (,**+). RP : receiver point. figure) . Shishikura et al. (+333) describe an absence of fault movement around the northern lineament during the late Holocene. Based on a geologic interpretation of the seismic image (Fig. /, lower figure) , no dip-slip fault is recognized at the expected site of the fault line. The very thin nature of the Quaternary sediments indicates that cumulative tectonic subsidence has not occurred within the lowland area around Kamogawa. Shishikura (,***MS) further noted that discontinuous displacement related to faulting is not evident in Holocene paleoshorelines that cross the northern lineament at Hota. These observations demonstrate that the northern section of the lineament preserves no record of a tectonic graben related to active faulting (Fig. 0) . On the basis of the above data, we consider that the +/-km-wide area between the Kazusa Hills and the Awa Hills is not a tectonic graben. This area is also not a geomorphological lowland, as the area is dominated by hilly relief and the Mineoka Mountains, except for a small area of coastal lowlands (Fig. ,, upper figure) . Consequently, we conclude that the term "Kamogawa Graben" is unsuitable to describe the observed topographic feature.
,. Structurally controlled geomorphic evolution To understand why of the term graben has been misapplied in this case, we need to consider the geomorphic evolution of the area in terms of the relationships between erosion, lithology, and geologic structures. In particular, we concentrate on how the topographic lineaments came to represent the boundaries between areas of contrasting topography in the study area.
The southern lineament from Iwai to Kamogawa coincides with the surface trace of the Sorogawa Fault (Fig. +) . The fault trace is characterized by narrow valleys and a ,**-m-high scarp near the west coast of the peninsula. As no cumulative tectonic displacement is observed, the narrow valleys are considered to be erosional features. Along the eastern part of the fault, the upthrown side of the fault comprising shale of the Furubo Formation is contact with mudstone of the Emi Formation and tu#aceous sandstone and shale of the Nabuto Formation (Fig. ,) . Field observations indicate that shale of the Furubo Formation is more weathered and sheared than sediments of the Emi and Nabuto Formations. Similar patterns of weathering are recognized along the Iwai Faultῌthe western extension of the Sorogawa Faultῌwhere the upthrown side comprises shale of the Hota Group and the downthrown side comprises tu#aceous sandstone of the Kagamiura Formation and mudstone of the Amatsu Formation (Otuka, +3.3 ; Fig. +) . These observed relationships between morphology and lithology indicate that weathering condition rather than lithology is the dominant control on the development of di#erential erosion, especially the degree of weathering of shale. This di#erential erosion of shale appears to have generated the fault-line valleys and the ,**-m-high north-facing scarp.
On the basis of the geomorphic evolution of the area, we consider that some of the rivers that flow south across the Sorogawa Fault (Fig.   Fig. 0 Estimated geologic structure along NῌS section and paleogeomorphology before di#erential erosion in the southern Boso Peninsula The line of section along AῌBῌCῌD is shown in Fig. ,. +) predate the formation of the fault-line valleys. In other words, the relatively old southflowing rivers are considered to reflect the direction of maximum dip of the paleo-topographic high. This interpretation implies that mountainous topography existed prior to the initiation of erosion (Fig. 0) . Otuka (+3.3) first suspected such a history of river system development, and presented the hypothesis that differential erosion generated the obsequent faultline scarp via significant erosion of shale of the Hota Group within the mountainous paleotopography.
In terms of the northern lineament, a fault plane susceptible to erosion is not geologically recognizable along the predicted trace of such a fault line (Fig. +) . The seismic imaging data and presence of non-deformed fluvial terraces also argue against the existence of active faults along the northern lineament (Fig. /) . Although the ,**-m-high south-facing scarp along the lineament resembles a fault scarp, especially at the eastern and western ends of the lineament, field evidence and geophysical data do not support a fault origin for the scarp.
We now consider an alternative model of scarp formation. Mudstone (Am and Kn) of the Miura Group is exposed within the scarp and in the Kazusa Hills, while severely fractured shale (Kk and Fk) of the Hota Group is exposed within the lowland at the foot of the scarp (Figs. + and ,) . In other words, weathered Hota Group has been lowered to the topographic surface of the Miura Group. This indicates that the Miura Group is more resistance to erosion than the Hota Group. Such a contrast in weathering has possibly a#ected the nature of erosion along the contact between the two groups, which in turn has led to the formation of a ,**-m-high south-facing erosional scarp.
Considering the location of the Mineoka Mountains and the pre-erosion topography, a mountainous paleo-topography is estimated to have extended from the Kazusa Hills to the Awa Hills, probably during the early Quaternary (Fig. 0) . Subsequently, the structural control of di#erential erosion of mudstone has likely resulted in lowering of the Hota Group surrounding the Mineoka Mountains, which consists of intrusive rocks.
Based on measurements of rock properties, Suzuki et al. (+32/) successfully argued that the relationship between morphology and lithology in the Kazusa Hills is controlled by the physical strength and permeability of bedrock. Similar bedrock-controlled erosion may also occur in the present study area, reflected by di#erential weathering processes within otherwise similar sedimentary rocks. To obtain further insight into such a process, it is necessary to analyze the micro-scale physical and chemical properties of shale, mudstone, and sandstone samples. In particular, it is important to understand the origin and development of weathering (fracturing) in shale, irrespective of age.
VI. Concluding remarks
On the basis of studies of active faults over recent decades, the so-called Kamogawa Graben has been interpreted as a typical tectonic graben, while other studies have interpreted the graben as a product of di#erential erosion. Previous studies have failed to provide conclusive evidence in favor of either of the competing hypotheses. With the help of seismic reflection profiling that provides subsurface data, we have successfully explained the apparent graben as the result of geomorphic evolution by structural control.
+. Seismic images argue against the existence of a tectonic graben within the depression between the Kazusa Hills and the Awa Hills, southern Boso Peninsula. The cumulative movements of active faults described in previous studies are not supported by geomorphological data from the present study, and substantial lowland areas do not exist except for in small areas near the coast.
,. The topographic lineaments previously interpreted as active fault traces originated from di#erential erosion. The northern lineament is mostly observed as a south-facing erosional scarp where fractured shale of the Hota Group has been eroded relative to mudstone and sandstone of the Miura Group. The southern lineament is mostly observed as a fault-line valley, partially by the obsequent scarp along the Sorogawa Fault that developed between shale and mudstone-sandstone of the Hota Group. The development of di#erential erosion probably stems from the di#erent degrees of resistance to weathering of shale, mudstone, and sandstone.
-. South-flowing rivers that cross the faultline valleys predate these structures. The early river system therefore developed upon the mountainous pre-erosion topography that overlaid the present Mineoka Mountains. We conclude that such a geomorphic evolution of the southern Boso Peninsula is structurally controlled.
By taking advantage of geophysical exploration tools, we have advanced the long-standing debate concerning whether the Kamogawa Graben is tectonic in origin ; however, our work has also raised the question of the nature of the erosion process related to weathering. This question must be addressed to fully comprehend the evolution of the structurally controlled geomorphology. A micro-scale analysis of physical and chemical properties is necessary to understand the di#erent weathering properties of shale, mudstone, and sandstone.
